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W
¯
e study the electronic structure and magnetic properties of h-BN triangular clusters embedded in
graphene supercells. We find that, depending on the sizes of the clusters and the graphene separation
region between them, spin polarization can be induced through charge doping or can be observed
even in the neutral state. For these cases, half-metallicity is observed for certain charged states,
which are otherwhise mettalic. In these half-metallic states, the spin density is concentrated near the
edges of the clusters, in analogy to the more common predictions for half-metals in zigzag graphene
nanoribbons and h-BN/graphene intercalated nanoribbons. Since experimental realizations of h-BN
domains in graphene have already been reported, these heterostructures can be suitable candidates
for nanoelectronics and spintronics applications.
PACS numbers: 71.15.Mb,73.22.Pr,75.70.Cn
I. INTRODUCTION
Since its experimental observation1, graphene, a two-
dimensional carbon sheet with a honeycomb structure,
has attracted a lot of attention from the scientific com-
munity due to its unique properties, such as massless
Dirac fermions, anomalous quantum hall effect and many
others, which lead to several potential applications in
nanoelectronics2. This excitement with graphene led
to further research on systems sharing the same crys-
tal structure, such as the h-BN sheet, which has also
been observed experimentally3,4, and other group III-V
systems5. In contrast to graphene, which is a zero-gap
semiconductor, h-BN is a wide-gap insulator, with a band
gap value of up to 5.9 eV3,4. This suggests that a possi-
ble route to use graphene in a semiconductor device with
a tunable gap, a very desirable property in nanoelec-
tronics, would be to use hybrid h-BN/graphene sheets,
in which the gap could be tuned by the relative size of
the h-BN and graphene regions, given that the result-
ing heterostructure is formed by h-BN and graphene do-
mains instead of an alloy of BNC. Such domain struc-
tures have already been observed experimentally, and
they show properties midway between those of pure h-
BN and pure graphene, thus providing support for this
route6. Recently, an anomalous metal-to-insulator tran-
sition has been observed in this system7. In the field
of spintronics, another desirable property for materials
is half-metallicity, which consists of a metallic behavior
for one spin channel and a semiconducting one for the
other. Some half-metals have already been predicted in
graphene and h-BN related one-dimensional structures,
such as graphene zigzag ribbons with an in-plane ex-
ternal electrical field8 and h-BN/graphene intercalated
ribbons9,10. Half-metallicity has also been predicted for
the pure h-BN sheet with electron doping5.
In this work, we study the electronic and mag-
netic structure of h-BN triangular clusters embedded in
graphene. We predict that half-metallicity can be in-
duced through charge injection in this system, depending
on the sizes of the clusters and the graphene separation
region. By analyzing the band structure and the spin
density dependence on the sizes, we find that spin po-
larization is observed whenever the Fermi level is close
to weakly-dispersive states, with their bandwidths and
mean kinetic energies below ∼ 0.1 eV . When spin po-
larization is observed, we have either metallic or half-
metallic states depending on the injected charge. These
states are characterized by a concentration of the spin
density on the carbon atoms near the edges of each clus-
ter, a feature already observed in antidot lattices, single
h-BN clusters in graphene and other graphene or h-BN
related nanostructures11–13. The properties of both lo-
calized and non-localized bands depends on the relative
sizes of the regions, giving rise to three types of band
structure, and consequently magnetic properties, which
we will discuss later. Therefore, we can tailor the elec-
tronic and magnetic properties of this system by control-
ling the sizes of the clusters, the graphene region and
doping, which makes this system a suitable candidate for
nanoelectronics and spintronics applications.
Our paper is organized as follows. In the next Sec-
tion, we present our theoretical methodology. In Section
III, we discuss the band structure results and electronic
properties of the different studied configurations and in
Section IV, we analyze the magnetic properties, by dis-
cussing the spin density and projected density of states
results. Finally, in Section V, we present our conclusions
and provide a discussion of how the effects observed in
our model systems would be expected in a more general
and realistic situation, that is, for non-periodic systems
and h-BN domains of arbitrary shapes, as observed in
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II. METHODOLOGY
In this work, we employ self-consistent calculations
within density functional theory (DFT)14,15, as imple-
mented in the SIESTA code16,24. For all neutral systems
studied, we let the atomic coordinates relax in all direc-
tions until all the forces are smaller than 0.04 eV/A˚ .
No significant deviations from the planar position (buck-
ling) were observed after the relaxation. For the charged
states, we use the same relaxed coordinates of the cor-
responding neutral state. The supercell lattice constant
is set to Nsa, where Ns is the supercell dimension and
a = 2.47 A˚ is the pure graphene lattice constant. Since
graphene and h-BN have similar lattice constants, we
only let the atomic coordinates relax and the supercell
volume is fixed. All supercells have a 10 A˚ spacing in
the z direction in order to eliminate spurious interactions
between periodic images. Even tough there are local in-
plane dipole moments present in the supercell (pointing
from one cluster to its neighbors), no stray electrical fields
are present in the vacuum region.
A representative 11 × 11 supercell containing two tri-
angular B15N10 and B10N15 clusters is shown in the top
panel of figure 1. All the supercells considered in this
work share the same geometrical features: the two trian-
gular clusters always have the same size and face oppo-
site directions, with two parallel edges. The edges of one
cluster are terminated by B atoms, whereas the edges
of the other are terminated by N atoms. The spacing
of the clusters, characterized by the number Nz = 4 of
graphene zigzag chains between them, is the same in all
directions, as shown in the bottom panel of the same
figure, which pictures four periodic images of the super-
cell. Notice that Nz is not an independent parameter,
because it is fixed by the clusters’ size and the dimension
of the supercell. Therefore, in a general supercell, the
main defining parameters are Ns (or Nz) and the size of
the clusters. The latter is characterized by the parameter
∆ = |m − n| for a triangular cluster with general stoi-
chiometry BmNn. It can be shown that the number of
atoms in the edge of the cluster (B or N) is ∆ and the to-
tal number of atoms m+n within one single cluster is ∆2.
The clusters’ sizes studied in this work range from ∆ = 2
(B3N1 and B1N3) to ∆ = 9 (B45N36 and B36N45), and
the supercell sizes range from 8 × 8 to 15 × 15. Not all
combinations of clusters and supercells give an uniform
spacing in all directions, so one must be careful with this
choice. This is shown in detail in Table I, where we show
all the configurations we studied. The diagonals of this
table represent systems with clusters of different sizes,
but the same spacing Nz. Note also that odd values of
Nz aren’t allowed for this system, since it’s impossible to
construct two clusters of the same size or shape. We will
analyze our results mainly in terms of Nz and ∆. The
relation between these two parameters and Ns is given
by Ns = ∆ + 3Nz/2.
FIG. 1: Top: A 11 × 11 supercell containing two triangular
B15N10 and B10N15 (∆ = 5) clusters, being a representative
of all cells used in this work. The triangular clusters are facing
opposite directions, with two parallel edges. Notice that one
cluster contains only B atoms on the edges, whereas the other
contains only N atoms. Bottom: The same supercell pictured
with 3 periodical images, showing the regular spacing of the
clusters by Nz = 4 graphene zigzag chains in all directions.
The reason for the choice of the triangular shape for
the clusters and their arrangement in this work is that
previous ab-initio calculations of single hexagonal and tri-
angular clusters embedded in graphene supercells shows
that, while the former in nonmagnetic, the latter is fer-
romagnetic, with opposite spin alignment in the A and
B sublattices12. Test calculations we performed on sin-
gle clusters do reproduce this result. Since all the edges
of a single triangular cluster lie only on one sublattice
and, with our choice of supercell geometry, the edges of
different neighboring clusters lie on different sublattices,
we expect to obtain an antiferromagnetic coupling be-
tween the clusters. As we shall see, this is indeed what
we obtain for the large clusters and graphene regions in
neutral configurations. On the other hand, the smaller
systems are found to be in a delocalized, weak antiferro-
magnetic state (essentialy non-magnetic), which seems to
be due to a cancelation effect between neighboring edges.
Moreover, since the parallel edges of neighboring clusters
have different kinds of atoms (B or N), we will have an
electrical field in the graphene region between them, as
a result of the polarization of the system. This kind of
arrangement is similar to the one used in the study of
h-BN/graphene intercalated zigzag ribbons9,10, where a
3B3N1 B6N3 B10N6 B15N10 B21N15 B28N21 B36N28 B45N36
∆ 2 3 4 5 6 7 8 9
Ns
8 4* - - 2* - - -
9 - 4* - - 2 - - -
10 - - 4* - - 2 - -
11 6* - - 4* - - 2* -
12 - 6* - - 4* - - 2*
13 - - 6 - - 4* - -
14 8* - - 6* - - 4* -
15 - 8* - - 6* - - 4*
TABLE I: Possible configurations for the supercell geometry
considered in this work. The entries in the table are the values
of Nz for the given configuration and the values marked with
a star represent the configurations we studied. The selected
configurations spam a wide range of values for Nz and ∆,
allowing us to obtain the general trends for this system.
half-metal was found.
III. BAND STRUCTURE RESULTS
In our calculations, we observe three general types of
band structure in this system, which we will call type 1,
2 and 3 throughout this paper. In Fig. 2, we show exam-
ples of each of these types for neutral (left column), -1
(middle column) and +1 (right column) charged states
for a constant Nz = 4 graphene separation. In the type
1 (top row) band structure, observed for lower cluster
sizes (∆ = 2 − 4), we see two pairs of dispersive bands,
followed by a pair of weakly-dispersive states near the
neutral Fermi level. These bands have no spin polariza-
tion in the neutral state and remain unpolarized as we
populate (unpopulate) the dispersive bands through in-
jection of an electron (hole), as shown in panels (a)-(c) In
principle, if we keep doping this system the Fermi level
will eventually cross the weak, almost non-dispersive lev-
els. Therefore, we expect spin polarization in this case,
due to the usual zero energy instability effect, in which
the zero kinetic energy of the level allows the splitting of
spin up and down bands due to the exchange interaction,
thus removing the instability. However, this possibility
would correspond to extremely high doping levels and
therefore it wasn’t tested in this work.
For intermediary cluster sizes (∆ = 5 − 7), we ob-
serve the type 2 band structure, depicted in the middle
row of Fig. 2. In this case, we can see the same set of
dispersive and non-dispersive bands as in the previous
case, but the bandwidth of the former is lower and both
are closer to the neutral Fermi level. These bands still
remain unpolarized in the neutral state, but now they
polarize in the charged states, as shown in panels (d)-(f).
This happens because now the bandwidth of the disper-
sive bands is lower than a limit value that determines
the zero energy instability, such that the mean kinetic
energy of these bands when the Fermi level crosses them
is close to zero. Moreover, for ∆ ≥ 6, we observe that
another pair of weakly-dispersive bands appears close to
the neutral Fermi level, which now is the closest pair.
These levels also show spin polarization when crossed by
the Fermi level (thus also being type 2), providing posi-
tive evidence for a similar behavior of these levels in type
1 bands, as described in the previous paragraph.
Finally, for the largest cluster sizes studied in the Nz =
4 family (∆ ≥ 8), we observe the type 3 band structure,
which is shown in the bottom row of Fig. 2. In this case,
all the bands near the neutral Fermi level have a very
small bandwidth (smaller than 0.05 eV), which already
favors spin polarization in charged states, as in type 2.
Moreover, we have a new set of weakly-dispersive bands
even closer to the Fermi level. As we can see in the
left panel, this allows for spin polarization also in the
neutral state, where the mean energy of the closest spin
down bands is smaller than 0.05 eV. By combining our
results from the three types of band structure observed,
we estimate that the maximum bandwidth that a band
crossed by the Fermi level must have in order to observe
spin polarization in the charged configuration is around
0.1 eV. If the mean kinetic energy of the closest band is
also of this same order, we also expect spin polarization
to occur in the neutral state. This should be the order
of magnitude for the exchange interaction in this system,
which is responsible for the splitting of the bands.
So far we have analyzed only the electronic structure
behavior of our system as a function of ∆ for a fixed
graphene separation Nz = 4, because this family spans
the largest number of configurations and varieties of band
structure we studied. In Table II, we show our results for
all configurations considered in this work. We see that
similar trends are observed in other families, but not all
the three types are observed. In Fig. 3, we show our re-
sults for the Nz = 2 family, using the same cluster sizes
as in panels (d)-(f) of Fig. 2. We see that the band-
widths of the closest bands are roughly the same as in
the respective cases of the Nz = 4, but their mean ki-
netic energy is higher, thus making spin polarization in
the neutral state more difficult. This explains why the
type 2 band structure is observed through a wider range
of cluster sizes in this family. In general, for a fixed value
of ∆, as we increase the value of Nz these bands tend
to get closer to the neutral Fermi level, so the band gap
decreases as well, as expected from the pure graphene
supercell limit ∆ = 0. Since this size dependence is sim-
ilar to that of graphene nanoribbons, we can think of
our system as a series of interconected zigzag graphene
nanoribbons separated by the h-BN clusters, as can be
seen from the periodic images of our supercell shown in
the bottom panel of Fig. 1. Therefore, this structure
is analogous to the h-BN/graphene ribbon superlattices
already studied in the literature9,10,17. In contrast, the
bandwidth of the closest bands doesn’t seem to depend
on Nz in the range considered, but it decreases with in-
creasing ∆, which, thus indicating increasing localization
of the charge carriers. As we shall see in the next sec-
tion, such localization behavior is also observed for the
spin density, with a concentration on the C atoms near
4FIG. 2: Selected results of the three general types of band structures observed in this system, as described in the text. These
results are for a constant Nz = 4 graphene separation, but different values of Nz show similar trends. Energies are in eV and
the Fermi level is set to zero in all panels. Note that the energy scale is different in each row. Spin up (down) bands are
represented by black (red) lines. (a)-(c): type 1 - B6N3 + B3N6 (∆ = 3) and Ns = 9. (d)-(f): type 2 - B15N10 + B10N15
(∆ = 5) and Ns = 11. (g)-(i): type 3 - B45N36 + B36N45 (∆ = 9) and Ns = 15. All the bands on the left column are for
neutral states, while the middle column are for -1 charged states and the right column for +1 charged states. Note that the
+1 type 2 and ±1 type 3 charged states are half-metallic.
the edges of the clusters.
To complete our dicussion on the band structure re-
sults, we now consider the electronic properties. First,
note that, in our supercell, the C atoms bonded to the
B atoms on the edge of one cluster and those bonded to
the N atoms on the edge of the other belong to differ-
ent sublattices of the honeycomb structure. This breaks
the inversion symmetry of the lattice, thus rendering the
A and B sites inequivalent and opening a band gap in
the pure graphene band structure. Therefore, all possi-
ble configurations for this supercell should be semicon-
ducting in the neutral state, which is indeed observed for
all configurations considered here. Moreover, since the
graphene region between the clusters is conected to B
5FIG. 3: Selected results for the Nz = 2 family. The units, lines and column organization are the same as in Fig. 2. (a) - (c):
B15N10 + B10N15 (∆ = 5) and Ns = 8. (d)-(f): B45N36 + B36N45 (∆ = 9) and Ns = 12. We have only observed the type 2
band structure in this family in the range of values of ∆ considered in this work. Nevertheless, since the band gap decreases
with increasing ∆, we expect to see a type 3 behavior for larger cluster sizes. Note also that all the charged states shown in
this picture are half-metallic.
B3N1 B6N3 B10N6 B15N10 B21N15 B28N21 B36N28 B45N36
∆ 2 3 4 5 6 7 8 9
Ns
8 1 - - 2 (±1) - - -
9 - 1 - - - - - -
10 - - 1 - - - - -
11 1 - - 2 (+1) - - 2 (±1) -
12 - 1 - - 2 (±1) - - 2 (±1)
13 - - - - - 2 (±1) - -
14 1 - - 2 - - 3 (−1,±2) -
15 - 1 - - 2 (−1) - - 3(±1,+2)
TABLE II: Types of band structure observed for each con-
figuration we tested. For a given value of Nz (one diagonal)
and increasing cluster size ∆, the band structure changes its
character from type 1, with no spin polarization neither in
neutral or ±1 charged states, to type 2, with no spin polar-
ization in the neutral state, but polarized for charged states
and finally to type 3, with spin polarization in neutral and
charged states. This is related to the position of the weakly-
dispersive levels as a function of ∆ and Nz, as observed in
Fig. 2. Half-metallic states were observed for some type 2
and 3 charged states, as shown in parenthesis in the entries
of the table.
atoms on one side and N atoms on the other, a polariza-
tion field is induced in this region, in a similar fashion to
the analogue discussed previously. In this case, a half-
semimetallic (semiconductor for one spin channel and a
very small gap for the other) was observed in the neu-
tral state, and possibly a half-metal could be obtained
in charged states, a possibility not tested in that work.
In our case, we do observe half-metallic states in type 2
and type 3 bands for many charged configurations. A few
examples can be seen in the middle and right columns of
Figs. 2 and 3 and all the cases are listed in parenthesis
in the entries of Table II. We studied ±1 charged states
in all calculations, and also ±2 on a few ones, which
corresponds to an injected charge density range between
1012 and 1013 cm−2 for the supercell sizes considered.
The charged states not shown in the table were either
not considered or are regular metals. As we shall see in
the next section, in all charged configurations (whether
metallic or half-metallic), the charge carriers are typically
localized on the carbon atoms close to the edges of one of
the clusters, depending of their sign (electrons or holes).
6IV. MAGNETIC PROPERTIES AND DENSITY
OF STATES
As discussed in the previous section, the C atoms
bonded to the N and B atoms on the edges of each cluster
belong to different sublattices in our system. Therefore,
since in pure graphene and other graphene related sys-
tems the C atoms in the A and B sublattices tend to
have opposite spin alignment when the system is spin
polarized, we expect to see ferromagnetic (FM) coupling
between the edges of one single cluster and antiferromag-
netic (AF) coupling between the edges of neighboring
clusters in the neutral state. This is indeed what we ob-
serve for type 2 and type 3 configurations, as shown in the
spin density profiles in Fig. 4 for our standard examples
in the Nz = 4 family. For type 1, we have an overall AF
state with a very small spin polarization (maximum ab-
solute value smaller than 10−5 bohr−3), which resembles
the pure graphene AF state and can be regarded essen-
tially as a non-magnetic (NM) state. As we increase the
cluster size and reach type 2 configurations, we see that
the neutral state already shows localization of the spin
density in the C atoms near the edges of the clusters and
in the graphene separation region. However, the maxi-
mum absolute value of the spin density in this case is of
the same order as in type 1. This situation changes when
we inject charge in the system, which induces spin polar-
ization in the band structure and increases the spin den-
sity amplitude about 50 times. In type 3 configurations,
the degree of localization near the edges gets even higher,
with a profile (in the graphene separation region) very
similar to the one observed in zigzag graphene nanorib-
bons and in the 1D intercalated h-BN/graphene ribbons
analogue of our system discussed in the last section. In
this case, the neutral state is already spin polarized and
the spin density amplitude is around 10−3 bohr−3, which
is 100 times larger than the values for type 1 and neutral
type 2. The charged states have amplitudes of the same
order of magnitude.
We can also note from Fig. 4 that, for types 2 and 3,
the charged states have a stronger spin density magni-
tude localized near the N terminated cluster for electron
doping and near the B terminated cluster for hole dop-
ing. To understand this effect, we need to analyze the
nature of the occupied and unoccupied bands near the
neutral Fermi level, so, we performed projected density
of states calculations (PDOS) for the B, N and C atoms
that define the edges of the clusters. We choose atoms
from the middle of the edges, because the atoms near
the vertices show a smaller spin polarization amplitude.
In Fig. 5, we show our results for the type 2 example
in the Nz = 4 family, and similar trends are observed
for other types and families (of course, the differences
between the PDOS of the three types will reflect those
of their band structures). We only show the PDOS of
pz orbitals in the picture, since the σ orbitals are found
to have no significant contribution on the energy scale
of the picture. The C atom bonded to the N atom on
the edge of one of the clusters (labeled C(N), black lines)
gives its greatest contribution to the energy levels right
above the Fermi level (between 0.1 − 0.35 eV, compare
with Fig. 2, panels (d-f)). The N atom PDOS (blue
lines) follows the same behavior, but with a magnitude
smaller than the C(N) atom curve, indicating that the
energy levels in this range are localized states, mainly
formed by the hybridization of pz orbitals of C(N) and N
edge atoms. Similarly, the C(B) and B edge atoms of the
other cluster (red and green lines, respectively) give their
main contributions to the levels right below the neutral
Fermi level, which means these bands are also localized
states, mainly formed by hybridization of pz orbitals from
these atoms. We also point out that PDOS calculations
for the C atoms on the center of the graphene separation
region (not shown in the picture) show that these atoms
give much smaller contributions to the energy levels dis-
cussed above, having the same order of magnitude as the
average PDOS per atom in this range, which provides
more evidence for these levels being localized states.
When we inject one electron in the system (panel b),
we see a relative shift in energy between the spin up
and spin down PDOS, revealing the spin polarization
observed in type 2 configurations. This shift is much
greater for the energy levels closest to the neutral Fermi
level, which are the levels whose main contributions come
from the C(N) and N edge atoms, as discussed above. On
the other hand, the lower levels, that is, those related to
the C(B) and B edge atoms, have a small shift and there-
fore a small spin density. This explains the higher mag-
nitude of the spin density near the N terminated cluster
in this case, as seen in Fig. 4. Similarly, for hole doping
(panel c), the Fermi level is closest to the C(B) and B
energy levels, so now these levels have the largest shift
and the spin density amplitude is higher near the B ter-
minated clusters. For type 1 configurations, we don’t see
any shift between the spin up and spin down PDOS for
any set of levels, which agrees with the observed band
structure. The spin density resembles more that of the
pure graphene sheet in the AF state, altough the spin
density seems stronger on the B terminated cluster for
charged cases. In the case of type 3, both set of lev-
els are close to the neutral Fermi level, so we see a shift
in the PDOS for both of them, which explains the spin
density concentration near both clusters and also agrees
with the band structure. Finally, for the atoms of the
triangular clusters in types 2 and 3, the proximity of two
consecutive edges seems to lead to a cancelation effect for
the spin density. The levels coming from the two edges
hybridize and are pulled further away from the neutral
Fermi level, thus inhibiting spin polarization. This could
also explain the observed band structure and spin den-
sity for smaller clusters, which are type 1 (note that the
spin density scale is much smaller in panels a-d of Fig. 4
than in panels in e-i).
To finish this section, we now discuss the macroscopic
magnetization of the supercell. In the literature, it is
common to interpret the results using Lieb’s theorem,
7FIG. 4: Spin density results for the Nz = 4 family. The selected configurations are the same as in Fig. 2. Spin up values are
shown in red and spin down in blue. Maximum absolute value for the spin density is ≈ 10−5 bohr−3 for type 1 (a)-(c) and
neutral type 2 (d), and 5 − 10 × 10−4 bohr−3 for charged type 2 (e)-(f) and type 3 (g)-(i). Note the increasing intensity and
degree of localization of the spin density on the carbon atoms near the edges of each cluster with increasing cluster size, with
electrons tending to localize near the N terminated cluster and holes around the B terminated one.
which states that, for a bipartite lattice and antidot de-
fects, the net magnetization is proportional to NA−NB ,
where NA (NB) is the number of atoms missing from the
A (B) sublattice18. In our system, we can think of the
h-BN clusters as antidots deffects because, as seen from
Fig. 4, the spin density doesn’t penetrate much into the
clusters and the energy levels associated with them lie
further away from the Fermi level. In this sense, the lev-
els we have discussed so far to explain the electronic and
magnetic properties observed can be considered ”midgap
states”. However, as we have already shown, these lev-
els consist mainly of a hybridization of C and B or N
atoms on the edges and they show some dispersion, in
contrast with pure antidots, which only have C atoms
and less dispersive levels2,19. This leads to some impor-
tant deviations from Lieb’s theorem, which were already
observed in single cluster calculations12. Nevertheless, in
our system we find that all neutral cases show no net
magnetization, in agreement with the theorem. It pre-
dicts M = 0 because, in our supercell, all B atoms lie in
one sublattice, whereas all N atoms lie on the other, thus
NA = NB . On the other hand, for the charged states, we
observe non zero values for the magnetization in types 2
and 3 and it is specially strong for the half-metals, where
M = qµB and q is the value of the injected charge in units
of e (this corresponds to a full polarization of the injected
charge). If the additional charge in the system came from
a additional B or N atom replacing a C atom, which is
not the case, then our calculations would be in agreement
with Lieb’s theorem for the half-mettallic states, but not
the regular metals. This comes from the fact that, in
half-metals, the additional electron or hole occupies only
one kind of band (spin up or down), whereas in regular
metals both bands are occupied, thus reducing the value
of M . Finally, since the spin density is concentrated in
one of the clusters in the charged cases, we have a FM
coupling between second nearest neighbor clusters and
a FM coupling between neighboring supercells for these
cases. For the neutral cases, however, we have an AF
coupling between first neighbor clusters and no coupling
between neighbor supercells (because M = 0).
8FIG. 5: Projected density of states for piz orbitals of selected
atoms in the B15N10 + B10N15, Ns = 11, Nz = 4 configu-
ration (type 2). (a) Neutral state; (b) -1 charged state; (c)
+1 charged state. The color codes for the different curves is
shown in panel (a) and the notation is described as follows:
B (N): Boron (Nitrogen) atom on the edge of one cluster;
C(B) (C(N)): Carbon atom bonded to the B (N) atom on
the edge. For the edge atoms we choose those on the central
region of the edge, because spin polarization is reduced near
the vertexes. As always, the Fermi level is set to zero in all
cases.
V. CONCLUSIONS
In conclusion, we have studied the electronic and mag-
netic properties of h-BN triangular clusters embedded in
graphene, with a particular supercell geometry, in which
we have two clusters with opposite type of edges (B or N
terminated) and neighboring C atoms occupying differ-
ent sublattices. For this system, we have found 3 differ-
ent types of band structure, depending on the bandwidth
of the bands and their proximity to the neutral Fermi
level. The energy gap is found to decrease with both
increasing cluster and graphene separation region sizes,
while the bandwidth of the closest bands depends only on
the former, also decreasing with increasing cluster size.
For intermediary and large cluster sizes, the band struc-
ture exhibits spin polarization in the charged states and
half-metallic states are observed for certain charge values.
These states are characterized by a strong spin density
concentrated on one of the clusters, depending on the
sign of the injected charge, and a strong net magnetiza-
tion in the supercell, corresponding to the full value of the
injected charge. This is related to the nature of the occu-
pied and unnocupied bands near the neutral Fermi level,
where the occupied (unoccupied) bands are localized lev-
els formed mainly by a hybridization of pz orbitals from
C and B (N) atoms near on the edges of each cluster. For
large clusters in the neutral state, both set of bands show
spin polarization and an AF coupling between neighbor-
ing clusters is observed, which resembles the spin density
observed in intercalated h-BN/graphene zigzag ribbons
calculations in the same size range. This system offers
the possibility of band gap engineering through control of
cluster and graphene region sizes, in a similar fashion to
other calculations with quantum dots of graphene or dots
embedded in graphene. We also have the possibility of
controling its electric behavior (semiconductor, metallic
or half-metallic) through control of both sizes and charge
doping. We point out, however, that we have only stud-
ied a particular geometry for h-BN domains in graphene,
given their triangular shape, their alignment and the in-
trinsic periodicity of the supercell. The domains already
observed experimentally show no such properties, hav-
ing a general shape with combinations of armchair and
zigzag edges and mixed terminations (B or N bonding
with C). Nevertheless, these domains are found to have
band gap engineering properties similar to those observed
here, which are a consequence of the mixing between
the bulk h-BN and pure graphene properties. On the
other hand, the finer details, such as the spin polariza-
tion trends, will be strongly dependent on the character
of the different type of edges in a general domain. For
example, zigzag edges related to carbon atoms in differ-
ent sublattices (A or B) and with different terminations
(B or N) tend to cancel their spin polarizations if they
are too close to each other, as expected from their AF
coupling. Edges of the same type tend to have FM cou-
pling, but they may also cancel out if too close, probably
due to rehybridization, such as in the vertices of trian-
9gular clusters. The number of localized states near the
Fermi level will also depend on the shape of the clus-
ter and will be related to the imbalance in number of C
atoms missing from the A and B sublattices and their
respective occupations by B or N atoms. The existence
of half-metallic states and spin density properties will be
related to these levels and we expect to see similar trends
to those observed here in the case of zigzag edges. There-
fore, we expect this work to offer a contribution in the
understanding of the electronic and magnetic properties
of h-BN domains in graphene, specially for the regions
with zigzag edges, and to pave the way for future appli-
cations of such heterostructures in nanoelectronics and
spintronics.
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